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ABSTRACT 
Currently, the world’s predicament regarding fuel shortages affects the daily activities of 
nations and directly affects national security.  The concept of starving an aggressive 
nation of resources, in particular fuel, is a war tactic that is effective in preventing the 
aggressor from accomplishing objectives.  This was proven in World War II.  National 
security is affected because shortages leave nations defenseless against invaders.  
Warfare methodologies will change drastically to accommodate the inability to use fossil 
fueled assets, unless alternative energy sources are found. 
The focus of this research is to use computer software and electrical hardware 
available to the Naval Postgraduate School (NPS) to model regenerative braking to 
support energy conservation technologies and to improve the efficiencies within the 
United States Navy (USN).  The goal of this research is to demonstrate regenerative 
braking during the deceleration of an induction motor and analyze various aspects during 
the braking process.  This will help in the further development for the “All Electric Ship” 
by exploring methods to increase its longevity, while improving the efficiency of energy 
recovery technology.  The USN will realize a degree of freedom from fossil fuel and be 
capable of employing future, more versatile energy recovery systems for naval base 
infrastructure.  
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EXECUTIVE SUMMARY 
The focus of this thesis was the implementation of computer software and electrical 
hardware available to Naval Postgraduate School (NPS) students for the modeling and 
demonstration of regenerative braking using a squirrel cage induction motor.  This 
research is in support of energy recovery and conservation technology development.  
This thesis first discusses the applicability and benefits of regenerative braking 
technology to the United States Navy.  It also provides the origins and a brief history on 
regenerative braking.  Afterwards, a description is given on the approach used to reach 
the end product of regenerative braking. 
Next, this thesis discusses the theory of induction motors, which includes the 
equations that mathematically describe their behavior.  The effects of phase shift on 
power and power computation methods are explored through both equations and 
computer simulations.  The methods for solving the power equations were demonstrated 
using computer simulation software.  This demonstration includes a graphical 
representation of the solutions for illustration purposes with an analysis of the graphs 
obtained from the simulations.  This thesis also covers the methods used to determine key 
parameters necessary for the experiment’s setup.  There are demonstrations provided 
during the model setup of the tests conducted prior to experimentation to ensure the 
functionality of certain components within the software model. 
This thesis also analyzes the data collected during the experiments, which 
includes:  
• A discussion regarding how the various commanded deceleration rates 
affected power as well as the measured voltage across the capacitor 
bank of the power inverter 
• An analysis observing the difference between the commanded and the 
actual instantaneous angular velocities 
• An overview of current behavior for the first two experiments  
• An energy conservation analysis. 
 xvi
The results from the analyses prove the demonstration of regenerative braking.  
The results also showed by varying the deceleration rates of each experiment, the amount 
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I. INTRODUCTION  
A. MISSION APPLICABILITY 
The United States Navy (USN) can benefit from regenerative braking through its 
multiple applications within the naval organization.  One application could be an energy 
recovery system to capture energy in descending elevators.  This application can be 
applied aboard aircraft carriers particularly for their massive airlift elevator operations.  
The primary mechanism that makes a recovery system in elevators possible is gravity, 
and its action on the mass of the elevator.  Instead of using an electrical input to control 
the descent of the elevator, this descending energy can be harnessed and stored in a 
battery bank for future use, by employing regenerative braking as a method to control the 
descending masses, while recovering the kinetic energy.  This stored energy increases the 
electrical distribution system’s capacity, by allowing the system to supply energy to meet 
electrical demands that are greater than the system’s electrical generation capacity.  
These electrical demands might be an electromagnetic catapult system to provide 
acceleration to aircraft leaving the ships, or rail gun defense systems.  This may also give 
other ship classes, equipped with an elevator system, a greater sense of mission readiness 
through potentially less fossil fuel consumption.  It can also improve the efficiency of the 
“all electric ship.”  
Another application for regenerative braking technology, where the USN can 
realize energy conservation, is within the naval shipyards.  Cranes in the shipyards 
operate almost around the clock hoisting loads in and out of dry-docks, to and from ships, 
and to and from staging areas.  These cranes use fossil fuel driven generators to provide 
electrical power to electric motors that lift and descend their loads.  Cranes can harness 
the energy from descending masses through an energy recovery system that employs 
regenerative braking.  The energy recovered can be diverted to a battery bank system 
where the energy is stored, until it can be applied to ascending operations thereby 
reducing energy demands on the electrical generation system.  The crane becomes more 
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fuel efficient when crane lift demands are supplied by stored electrical energy in place of 
the fossil fuel converted energy, essentially reducing operating costs to the USN. 
The USN can realize a degree of freedom from fossil fueled energy sources by 
employing more versatile energy recovery systems for Naval Base infrastructure.  As 
with the aircraft carriers’ elevator systems, the USN possesses buildings crucial for naval 
operations that contain passenger elevators.  These elevators have the potential of 
capturing the ascending and descending braking energy through the utilization of 
recovery systems that incorporate regenerative braking.  This conservation will be a 
contributing factor that lessens building operating expenses to free congressional money 
for more pertinent mission critical agendas.  The USN can benefit from a myriad of 
applications of regenerative braking technology. 
B. THE MOTIVATION FOR REGENERATIVE BRAKING 
The world has been placed in a state of crisis searching for reliable energy sources 
to power motor vehicles beyond fossil fuel due to limited resources.  This crisis extends 
from the Middle East, where there is abundance but not an endless supply of fossil fuels, 
to the oil dependant lands throughout the globe.  For decades, oil prices have been rising, 
as if there were no end in sight.  “The first successful self-propelled road vehicle was a 
steam automobile invented in 1770 by the French engineer, Nicolas Joseph Cugnot” [1].  
Later in the mid-1830s, “Robert Anderson of Scotland invented the first crude electric 
carriage” that ran on non-rechargeable electric cells [2]; yet the world still became 
dependent on oil as the automobile technologies evolved to what they are today. 
This oil crisis is not a new concept to the world.  In the mid-1970s, the world had 
been challenged with fuel shortages that drastically changed the driving behavior of the 
United States.  The shortages caused the Federal Government to set a national speed limit 
in efforts of fuel conservation, and forcing the automobile industry to compete for more 
fuel efficient vehicles.  In 1974, the Environmental Protection Agency (EPA) established 
“an obscured research program called the Federal Clean Car Incentive Program” (FCCIP) 
[3]. This program encouraged new innovative ideas in the development of reliable 
alternative energy sources for the automobile industry.  The first hybrid vehicle was 
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invented by Victor Wouk shortly after the FCCIP was implemented.  Dr. Wouk had 
modified a 1972 Buick Skylark into a gasoline-electric vehicle and was able to “cut 
emissions and save fuel,” but the EPA’s motivation at the time was an all electric vehicle 
[3]. 
Today, the automobile industry has been manufacturing hybrid vehicles to supply 
the public’s demands for more fuel-efficient vehicles due to the higher fuel prices.  In 
efforts to make hybrid vehicles even more fuel efficient energy saving technologies have 
been implemented.  One type of technology for recovering energy in a moving vehicle is 
regenerative braking.  Regenerative braking is also known as rheostatic braking, and 
more generally known as dynamic braking [4]. 
Prior to a vehicle slowing down, potential energy is stored in the mass of the 
vehicle in motion and held at a constant velocity.  Once the vehicle brakes, or begins 
decelerating, the kinetic energy is converted to other types of energy such as heat due to 
friction or other losses while stopping.  Regenerative braking within electric vehicles 
convert some of the kinetic energy to electrical power in which can charge a battery bank 
that can later be reused for motor electrical torque.  Basically, the motor during normal 
continuous conditions propels the vehicle forward, and as soon as the brakes are applied 
the motor, through a circuit control system, becomes a generator slowing the vehicle 
down and at the same time charging the battery banks.  This method of energy 
conservation helps extend hybrid vehicle range on electrical power and increases its fuel 
efficiency by reducing the amount of fuel consumption. 
C. BRIEF HISTORY OF REGENERATIVE BRAKING 
1. The First Steps to Regenerative Braking 
“In September 1866, the first self-exciting dynamo—which made electric traction 
a practical possibility—was invented and constructed by Samuel Alfred Varley” [5].  A 
self-exciting dynamo is “a dynamo that produces a magnetic field around itself whereby 
motions of an electrical conductor, carrying magnetic lines of force, generates further 
current, eventually resulting in a stable external magnetic field” [6].  Essentially, he had 
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invented compound windings, which are a combination of series and shunt windings [7].  
Samuel “Varley did not invent Regenerative Braking” [5], but he did pave the path for 
electrical engineers who were struggling with the success of the regenerative braking 
concept.   
2. The Inventor of Regenerative Braking 
The John-Lundell Company, in 1902, was the first to develop a regenerative 
braking system that worked, and was able to install the system on one of their tramcars.  
John Smith Raworth developed a regenerative braking system in his Demi-Cars during 
the same time period as the John-Lundell Company’s 1902 début.  The John-Lundell 
Company and Raworth struggled for their rights to the invention of regenerative braking. 
They found themselves losing most of their money to lawyer fees, which drove them to 
financial instability and forced the John-Lundell Company to withdraw their rights to the 
invention.  This left Raworth as being the inventor of regenerative braking.  Within a 
decade of Raworth’s regenerative braking implementation in his Demi-Cars, the 1911 
Rawtenstall accident involving one of Raworth’s Demi-Cars occurred.  This gave 
regenerative braking a bad reputation, causing Raworth to close his company’s doors 
soon after [5]. 
Lieutenant Colonel Druitt wrote a report regarding the Rawtenstall accident on 
November 22, 1911.  It stated that regenerative braking was incapable of stopping a 
tramcar on steep grades, which caused the shunt windings to fuse.  This led to the 
acceleration of the motor, resulting in the two tramcar collision [5]. He further 
recommended to the Board of Trade that “cars fitted with regenerative control are” [5] 
not suitable.  Following the report, the Board of Trade in the United Kingdom banned 
regenerative breaking in fear of future accidents caused by the technology [5].   
It was not until two decades later that regenerative braking became a practical 
concept.  The cost of electrical energy after World War I levied the ban in the United 
Kingdom that was set by the Board of Trade, and regenerative braking was explored once 
again. In 1915, the Norfolk and Western Railway Company was able to run “electric 
locomotives with 3-phase motors off single phase … using regenerative braking” [5].  
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Still, motor technology had yet to achieve full potential for a proper demonstration of 
regenerative braking technology.  Due to the war efforts of World War II progression was 
stagnant until the 1970s fuel crisis [5].   
D. OBJECTIVE 
The objective of this thesis was to model and demonstrate regenerative braking 
through the utilization of computer software and hardware available at the Naval 
Postgraduate School (NPS), Monterey, California.  MATLAB’s SIMULINK was the 
environment in which the control model was constructed.  Xilinx was the software which 
produced the computer code language for the Field Programmable Gate Array (FPGA).  
The FPGA controlled the output of a power inverter capable of Space Vector Modulation 
(SVM), while Chipscope provided the means to graphically interface the system during 
the data collection phase of the experiment.  It also provided a means to view the data 
encoded through analog to digital inverters.   
E. RESEARCH APPROACH 
This thesis encompasses the use of simulation software that interacts with 
electrical hardware through a graphical interface provided by Chipscope.  To understand 
the capabilities of the software, a validation of continuity between the software and 
hardware interfaces had to be confirmed.  To achieve this validation, a laboratory 
specifically designed for a course offered by NPS was used.  The model within this 
laboratory was modified to replicate the behavior of a regenerative braking system.  After 
validating continuity and proper operation of the hardware, an understanding of software 
interactions had to be established.  By understanding the manner in which the software 
interacted with one another, model design and implementation became possible. 
Once an acceptable model design was achieved, then multiple experiments were 
conducted varying the deceleration rate of each experiment.  This was to observe the 
effects of each rate on regenerative braking.  The different output waveforms for power, 
rotor angular velocity, line current, and capacitor bank voltage were measured and 
analyzed to provide the demonstration of regenerative braking, and to gain some 
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understanding of the dynamics within the regenerative braking process.  A discussion 
was provided regarding the energy within the system during the experiment.  
F. THESIS OVERVIEW AND DESCRIPTION 
This thesis contains five chapters.  Chapter I contains the applicability of 
regenerative braking to the USN.  This chapter provides a brief history regarding the 
origins of regenerative braking and it establishes within the reader an understanding of 
the motivation in the development of regenerative braking technology.  Included is the 
objective and approach of the thesis.  Chapter II provides symmetrical induction motor 
theory and the equations used to mathematically describe the motor’s behavior within this 
experiment.  A simulation demonstration was provided to illustrate the three- and two-
phase power calculation methods for three-phase circuits, which includes an analysis of 
the effect phase shift has on power.  Chapter III covers the tests involved in model design 
and the results of these tests.  Chapters IV contains the results of the experiments while 
analyzing the various wave outputs for power, DC bus voltage across the capacitors, 
current, and an analysis of the difference between commanded and actual angular 
velocity.  A comparison analysis was performed of the waveforms between experiments 
with deceleration rates that were half or doubled of one another.  The energy 
conservation of the system was discussed and used to provide an explanation for some of 
the dynamics existing within the system during the regenerative braking process.  
Chapter V concludes the thesis with the information gained from the research, and 
provides recommendations for future follow on research in the development regenerative 
braking. 
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II. EXPERIMENT PREPARATION 
A. THEORY 
1. Induction Motor Theory 
A squirrel cage induction motor is a common motor that has many applications 
within our society.  A three-phase power supply can be used to create electrical torque to 
cause the rotor to spin.  Sinusoidal voltages are applied to the stator windings, windings 
usually 120 degrees apart and incased in the motor housing that surrounds the rotor, 
create a magnetic field that rotates about the rotor at the frequency of the electrical 
source.  Electrical current is induced in conductive bars of the rotor, which are configured 
similar to a squirrel cage and shorted to one another to allow the current to flow.  
Initially, the current in the rotor is largest due to the maximum angular velocity 
difference between the rotor and the stator rotating magnetic field.  The current in the 
rotor creates a magnetic field within the rotor. This magnetic field tries to align itself with 
the rotating stator magnetic field, which is equal to the induced electromagnetic force 
(EMF).  The rotor’s angular velocity increases while aligning these magnetic fields.  As 
the rotor’s angular velocity increases, the electrical current induced in the rotor decreases, 
weakening the magnetic field of the rotor and the resultant EMF.  Eventually, the rotor 
will spin at a frequency less than the stator rotating magnetic field.  That frequency 
difference is dependent upon the load applied to the rotor [8].  The larger the load, the 
slower the rotor spins, the larger the induced current in the rotor, and the stronger the 
EMF. 
Before pursuing regenerative braking of a squirrel cage induction motor, an 
understanding of the theory regarding symmetrical, asynchronous induction machines is 
discussed.  The equations used to describe symmetrical, asynchronous induction 
machines in this chapter are given in [9] and are similar to the equations of a synchronous 
machine as described in [9] and [12]. 
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The voltage of each phase, va, vb, and vc for both the stator and the rotor within an 
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  (1)  
where 
• rs and rr are the internal resistances of the stator and the rotor, respectively. 
• ias, ibs, and ics are the currents through the stator windings of each phase. 
• iar, ibr, and icr are the currents through the rotor windings of each phase. 
• λas, λbs, and λcs are the flux linkages within the stator. 
• λar, λbr, and λcr are the flux linkages within the rotor. 
• ρ is the derivative operator used to denoted when a derivative is to be taken. 





















⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎡ ⎤=⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
 (2) 
where 
• Ls is the winding inductance of each phase within the stator 
• Lsr is the mutual inductance of each phase between the stator and the rotor 
• Lr is the winding inductance of each phase within the rotor. 
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⎡ ⎤+ −⎢ ⎥= − +⎢ ⎥⎢ ⎥+ −⎣ ⎦
 (5) 
where 
• Lls is the leakage inductance of the stator 
• Lms is the magnetic inductance of the stator 
• Llr is the leakage inductance of the rotor 
• Lmr is the magnetic inductance of the rotor 
• θr is the angle of the rotor with respect to the stator as shown in Figure 1. 
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Figure 1.   Two-pole, 3-phase, Wye-Connected Symmetrical Induction Machine [9] 
By substituting Equations (3), (4), and (5) into Equation (2), the flux linkage equation 
essentially becomes 
( ) ( )
( ) ( )
( ) ( )
2 21 1
2 2 3 3
2 21 1
2 2 3 3
2 21 1
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⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢⎢ ⎥− + + − − ⎢⎢ ⎥ ⎢⎢ ⎥+ − − + − ⎢⎢ ⎥ ⎢⎣ ⎦⎢ ⎥− + − − +⎣ ⎦
⎥⎥⎥⎥⎥
  
  (6) 
When determining an equivalent circuit of the motor, a convenient and common 
method is to describe the circuit by referencing the rotor in terms of the stator.  This is 
accomplished by creating a turns ratio between the number of windings of the rotor to the 




• Ns is the number of windings in the stator 
• Nr is the number of windings in the rotor.  
By combining these winding numbers into a ratio, the rotor part of the circuit is then 
described in terms of the stator while using prime notation.  The currents, voltages, and 
















































⎛ ⎞′ = ⎜ ⎟⎝ ⎠
 (10) 
By applying the turns ratio to the inductances of the rotor, the inductances can then also 


























⎛ ⎞′ = ⎜ ⎟⎝ ⎠  
(13) 
The mutual and magnetic inductances can further be defined using the turns ratio as in 
















⎛ ⎞′ = ⎜ ⎟⎝ ⎠
 (15) 
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ms ms lr ms
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L L L L L
L L L L
′ + − −⎡ ⎤⎢ ⎥′ ′= − + −⎢ ⎥⎢ ⎥′− − +⎣ ⎦
 (16) 
and also transforming the mutual inductance of the rotor into Equation (17) 
 
( ) ( )
( ) ( )




















⎡ ⎤+ −⎢ ⎥′ = − +⎢ ⎥⎢ ⎥+ −⎣ ⎦
 (17) 
The voltage and flux linkage Equations (1) and (2) can now be described 
completely in terms of the stator as shown in Equations (18) and (19). 
  
[ ] [ ] [ ]
[ ] [ ] [ ]
as as as ar
bs s bs s bs sr br
cs cs cs cr
ar as ar ar
T
br sr bs r br r br
cr cs cr cr
v i i i
v r i L i L i
v i i i
v i i i
v L i r i L i
v i i i
ρ ρ
ρ
′⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥′ ′= + +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥′⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦






















⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥′⎢ ⎥ ⎢ ⎥⎡ ⎤=⎢ ⎥ ⎢ ⎥⎢ ⎥′ ′′ ′⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥′ ′⎢ ⎥ ⎢ ⎥′ ′⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
 (19) 
By substituting Equations (3), (16), and (17), Equation (19) now can be expanded 
and expressed in terms of the stator as shown in Equation (20). 
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( ) ( )
( ) ( )
( ) ( )
2 21 1
2 2 3 3
2 21 1
2 2 3 3
2 21 1
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⎡ ⎤ ⎡⎢ ⎥ ⎢⎢ ⎥ ⎢⎢ ⎥ ⎢⎢ ⎥ ⎢⎢ ⎥ ′′− + + − −⎢ ⎥⎢ ⎥ ′′+ − − + −⎢ ⎥ ′⎣⎢ ⎥′− + − − +⎣ ⎦
⎤⎥⎥⎥⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎦
 
  (20) 
By inverting the turns ratio and applying the ratio to the stator variables, the equivalent 
circuit is similarly described in terms of the rotor. 
The energy stored in the coupling mechanical and electrical fields is related as 
 ( ) ( )1 1I I
2 2
T T T
as as as ar ar ar
f bs s ls bs bs sr br br r lr br
cs cs cs cr cr cr
i i i i i i
W i L L i i L i i L L i
i i i i i i
′ ′ ′⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥′ ′ ′ ′ ′ ′= − + + −⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥′ ′ ′⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 (21) 
where 
• Wf is the field energy 
• I is the identity matrix. 
Equation (22) associates the change in mechanical energy to the change in rotor position 
caused by a given electrical torque, Te 
  m e rmdW T dθ= −  (22) 
where 
• Wm is the mechanical energy 
• θrm is the change in rotor position. 
Taking into account the number of poles in the machine, the electrical angular 
displacement is determined using Equation (23). 
 
2r rm
Pθ θ⎛ ⎞= ⎜ ⎟⎝ ⎠  (23) 
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Solving for Te in Equation (22) and taking the partial derivative of mechanical energy 
with respect to rotor position, electrical torque can be expressed as a function of current 
and rotor position as shown in Equation (24). 







∂⎛ ⎞= ⎜ ⎟ ∂⎝ ⎠  (24) 










PT i L i
i i
θ
′⎡ ⎤ ⎡ ⎤∂⎛ ⎞ ⎢ ⎥ ⎢ ⎥′ ′= ⎜ ⎟ ⎢ ⎥ ⎢ ⎥∂⎝ ⎠ ⎢ ⎥ ⎢ ⎥′⎣ ⎦ ⎣ ⎦
 (25) 
The torque and rotor speed are related as shown in Equation (26). 
 2e r L
r
T J p T
P
ωθ
∂⎛ ⎞= +⎜ ⎟ ∂⎝ ⎠  (26) 
where 
• ωr is the angular velocity of the rotor 
• J is the moment of inertia of the rotor 
• TL is the torque induced on the shaft from the load. 
Reference [9] discusses a means to decrease the complexity of the voltage 
equations.  By changing the reference frame to an arbitrary reference frame, the 
complexity of the equations are significantly reduced.  Equation (27) is the general form 






















⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥⎣ ⎦





• xsf  and 
x
rf ′  can represent any variable of the stator and rotor respectively 
• sK and rK are the reference frame conversion factor matrices as shown in 
Equations (28) and (29). 
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⎡ ⎤⎢ − + ⎥⎢ ⎥= − +⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 (28) 
 
( ) ( )















⎡ ⎤⎢ ⎥− +⎢ ⎥= − +⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 (29) 
In Figure 2, β is defined by rβ θ θ= − . 
 
Figure 2.   Transformation for Rotating Circuits Portrayed by Trigonometric 
Relationships (After [9]) 
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To transfer from one reference frame to another, θ is the component used in the 
transformation of variables in Equations (28) and (29).  The x term in Equation (27) 
specifies the reference frame to which the variable had been transformed.  By applying 
the transformations to Equations (18) and (20) to an arbitrary reference frame, the 
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• ω is the angular velocity of the arbitrary reference frame 
• ωb is the base electrical angular velocity 
• ωr is the rotor angular velocity. 
Equation (30) can be further manipulated by defining ψ in Equation (32) with 
units of flux linkage per second to produce Equation (33). 
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′ ′ ′= + +
′ ′ ′= + +
′ ′ ′=
 (34) 
2. Demonstration of Three and Two-Phase Power Calculations 
There are multiple methods to calculate power for a three-phase wye-connected 
circuit.  The method used will determine the number of measurements taken during the 
experiment.  In this section, two methods will be analyzed to show the validity of both 
methods.  One of these methods to be analyzed is the three-phase voltage/current power 
calculation, and the other method is the two-phase voltage / two-phase current method.  A 
laboratory in [10] was specifically designed and created for a course offered at Naval 
Postgraduate School (NPS), Monterey, California and was used to provide background 
information for calculating power for both methods.  The Simulink model and MATLAB 
code used to generate Figures 3 through 12 are contained in Appendix A. 
 
 18
In a direct current (DC) circuit, steady state power is determined by multiplying 
the voltage of the circuit by the current of the circuit shown in Equation (35). 
 P VI=  (35) 
Where 
• V is voltage 
• I is current 
• P is power. 
For sinusoidal voltages and currents, or alternating current (AC) circuits, steady 
state as well as instantaneous power is determined in the same manner as the DC circuit 
with the exception of the phase difference between current and voltage as seen in 
Equation (36). 
 ( )cos ( )P vi tθ=  (36) 
Where  
• v is the AC voltage amplitude 
• i is the  AC current amplitude 
• P is the instantaneous real power (Watts) 
• θ(t) is the phase difference between the voltage and current with 
respect to time. 
Three cases exist relating the phase angle between current and voltage.  One case 
is the condition when the current leads the voltage as shown in Figure 3.  In this case, 
current leads voltage by a 45 degree phase shift.  The second case is when the phase shift 
is equal to zero as shown in Figure 4.  In this case, the graph only shows one sinusoid.  
This is due to both voltage and current being exactly identical to one another.  The third 
condition is when the current lags or follows voltage as shown in Figure 5. 
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Figure 3.   Leading Phase Shift Condition 
 
Figure 4.   Zero Phase Shift Condition 
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Figure 5.   Lagging Phase Shift Condition 
Figures 6 through 10 demonstrate the effects of phase difference between voltage 
and current on power as the phase difference goes from forty-five degrees to zero 
degrees.  Going from Figure 6 to Figure 10, instantaneous power approaches a maximum 
value as voltage and current align themselves with a zero degree phase shift.  




Figure 6.   Current Leads Voltage 45 degrees 
 
 
Figure 7.   Current Leads Voltage 36 degrees 
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Figure 8.   Current Leads Voltage 27 degrees 
 
Figure 9.   Current Leads Voltage 18 degrees 
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Figure 10.   Current Voltage Phases are Equal (Power at Maximum) 
To further elaborate the effects of phase shift on power, Figure 11 is a Three-
Dimensional Optimization graph that illustrates power on the Z-axis.  The X and Y axes 
both represent the change in angular position relative to one another.  It is apparent when 
phase shift is equal to zero, the power is at its maximum, and the opposite holds true 
when phase shift is ± ninety degrees power is at its minimum.   
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Figure 11.   Three-Dimensional Power Optimization Graph 
The power of a three-phase floating wye-connected circuit is calculated similar to 
the single phase circuit, except the calculations must take into account the 120 degrees 
between each phase and the phase difference between current and voltage.  In a wye-
connected circuit, as shown in Figure 12, the phases are assumed to be balanced; 
therefore, the line currents and voltages are equal in amplitude.  
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Figure 12.   Wye-Connected Circuit 
Since the wye-connected circuit is assumed to be balanced, the line-to-line 
voltages, vab, vbc, and vca, which are voltages measured between lines, have the same 
magnitudes.  The line currents, iab, ibc, and ica, also have the same magnitudes.  The coil 



















and power is equal to the coil voltages multiplied by the coil currents as shown in 
Equation (38) [10]. 
 a a b b c cP v i v i v i= + +    (38) 
Since the line currents equal the coil currents, then power is equal to the coil 
voltages multiplied by the line currents.  Because the load is wye-connected, the current 
summation at any particular time is equal to zero as shown in Equation (39). 
 0a b ci i i+ + =  (39) 
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By solving for ib in Equation (39), the resultant is Equation (40). 
 ( )b a ci i i= − +  (40) 
Substituting Equation (40) for Equation (38), the power of a three-phase circuit 
can now be calculated in terms of two line-to-line voltages and two line currents as 
shown in Equation (41). 
  
( )
( ) ( )
a a b a c c c
a a b a c c b c
a a b c c b
a ab c cb
P v i v i i v i
P v i v i v i v i
P i v v i v v
P i v i v
− −= + + +
= − + −
= − + −
= +
 (41) 
The model in Figure 13, was created in Simulink to graphically demonstrate the 
three-phase power calculation is equal to the two-phase method.  In this model, the 
current and voltage phases were all set equal to one another to maximize power while 
their amplitudes were all set to 1.  Figure 14 contains the voltage and current signal 
inputs to the three-phase power calculator.  Figure 15 illustrates the location where the 
signal was extracted from a wye-connected circuit.  Figure 16 contains the voltage and 
current signal inputs to the two-phase power calculator.  Figure 17 illustrates the location 
where each signal was extracted from a wye-connected circuit. 
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Figure 14.   Voltage and Current Input Signals for Three-Phase Calculator 
 
 
Figure 15.   Sensor Connections for Three-Phase Power Calculator 
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Figure 16.   Voltage and Current Input Signals for Two-Phase Calculator 
 
 
Figure 17.   Sensor Connections for Two-Phase Power Calculator 
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The simulation of the three- and two-phase methods of calculating power are equal 
therefore Equation (42) can be stated as 
 a a b b c c ab a cb cP v i v i v i v i v i= + + = +  (42) 
The only difference between the two methods is the number of sensors necessary to 
obtain enough information to calculate instantaneous power; therefore, instantaneous 
power can be measured using two line-to-line voltages and two line currents, because the 
load is wye-connected. 
B. SOFTWARE AND EQUIPMENT 
1. Software and Hardware Continuity Validation 
A laboratory in [11] was specifically designed and created for a course offered at 
the Naval Postgraduate School (NPS), Monterey, California, and was used to validate 
software and hardware continuity in this thesis.  The circuit diagram, shown in Figure 18, 
was taken from the laboratory document.  The objective within the laboratory was to take 
“experimental measurements of voltage and current waveforms typical of a three-phase 
inverter driving an induction motor using open loop V/f control” [11].  The main goal of 
the laboratory was to reinforce basic concepts of V/f control and induction motor current 




Figure 18.   Three-Phase Voltage Source Inverter (VSI) Driving an Induction Motor 
with Open Loop V/f Control Circuit Diagram [11] 
The main equipment used in the laboratory and in this thesis include: 
• Xilinx XC4VLX25 FPGA 
• Analog to Digital Inverters 
• Digital Inputs and Outputs 
• Three Phase Squirrel Cage Induction Motor 
• Angular Velocity Encoder 
• Three Phase Power Supply 
• Desktop Computer 
For the purpose of this thesis, the completion of the laboratory was necessary to 
become familiar with the equipment and software while validating the continuity between 
the software and hardware.  The procedures performed are covered in the laboratory 
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document found in [11].  The concepts regarding space vector modulation is discussed in 
[11] and [12] and the angular velocity encoder is explained in [12]. 
2. Electrical and Mechanical Energy Storage 
The data sheet for the Semikron power inverter, in Appendix B, contains a 
description and parameters of the components that comprise the power inverter.  The 
capacitors within the power inverter are two 2200 μF capacitors rated for 400 Volts DC 
each in series giving the capacitor bank a total of 1100 μF of capacitance at 800 Volts 
DC.  To ensure the capacitor bank was capable of withstanding the energy produced by 
the motor while the motor was braking, an optimization analysis was performed.  This 
analysis included a three dimensional graph that represents the energy produced for a 
given change in voltage and the capacitance required to store that energy.  Equation (43) 
is the rotational kinetic energy produced while the rotor and its attached appendages spin 
down from a given velocity [13]. 
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2Rotational
KE Iω=    (43)  
where 
• I is the moment of inertia of the rotor and appendages 
• ω is the angular velocity of the rotor 
While the rotor is braking, this kinetic energy is then converted to an electrical 
field stored in the capacitor bank neglecting all losses.  This energy is calculated by using 
Equation (44) [14] 
 ( )21
2Electrical
E C V= Δ     (44)  
where  
• C is the capacitance of the capacitor bank 
• ΔV is the change in voltage across the capacitor bank caused by braking the 
motor. 
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The mass of the rotor had to be estimated to determine the moment of inertia of the rotor.  
To estimate the mass, crude measurements where taken of the rotor and its appendages.  
The measurements are shown in an AutoCAD drawing, Figure 19. 
 
Figure 19.   AutoCAD Drawing of Rotor and Dimensions 
The rotor attachments were made of various materials, so by judging the 
materials’ appearance, the end caps, end cap tabs, and pulley were assumed to be made of 
an aluminum alloy, and the main drum of the rotor, including the shaft, was assumed to 
be made of steel.  
The densities, ρ, of the materials were estimated to be: 
• Steel [15]   37850Steel kgmρ =    
• Aluminum Alloy [16]  3=2800Alloy kgmρ    
Knowing the densities and the dimensions of the material, the volume, V, and 
mass, m, of each component can then be calculated by using Equations (45) through (55).  
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mV L m mφπ π −⎛ ⎞ ⎛ ⎞= = = ×⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠  (46) 
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m mV L m mφ φπ π −− −⎛ ⎞ ⎛ ⎞= = = ×⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠   
  (48) 
 
 ( )( )( ) 5 3  24 24 0.0206 0.0111 0.00953 5.23 10End Cap TabsV LWH m m m m−= = = ×  (49) 
 
 ( )4 33m 7850 2.30 10 1.81Drum Steel Drum kgV m kgmρ −⎛ ⎞= = × =⎜ ⎟⎝ ⎠  (50) 
   
 ( )5 33m 7850 7.22 10 0.567Shaft Steel Shaft kgV m kgmρ −⎛ ⎞= = × =⎜ ⎟⎝ ⎠  (51) 
   
 ( )5 33m 2800 6.81 10 0.191Pulley Alloy Pulley kgV m kgmρ −⎛ ⎞= = × =⎜ ⎟⎝ ⎠  (52) 
  
   
 ( )6 3 2  3m 2800 9.66 10 2.71 10End Caps Alloy End Caps kgV m kgmρ − −⎛ ⎞= = × = ×⎜ ⎟⎝ ⎠  (53) 
  (54) 
 ( )5 3    3m 2800 5.23 10 0.147End Cap Tabs Alloy End Cap Tabs kgV m kgmρ −⎛ ⎞= = × =⎜ ⎟⎝ ⎠  (55) 
Where 
• V is the volume a component 
•  is the diameter of a component 
• L is the length of a component 
Using Equations (56) and (57), the total moment of inertia, ITotal, in Equation 




I mr=   [17] (56) 









= ∑   (58) 
where  
• r is the radius 
• a is the outer radius 
• b is the inner radius 
Equations (59) through (64) are the hand calculations performed to calculate the total 
moment of inertia, ITotal. 
 ( ) 2 2 3 21 0.0826 0.01521.81 1.60 10
2 2 2Drum
m mI kg kg m−
⎛ ⎞⎛ ⎞ ⎛ ⎞= + = × ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 (59) 
 ( ) 2 5 21 0.01520.567 1.64 10
2 2shaft
mI kg kg m−⎛ ⎞= = × ⋅⎜ ⎟⎝ ⎠  (60) 
 ( ) 2 2 4 21 0.0826 0.01520.191 1.68 10
2 2 2pulley
m mI kg kg m−
⎛ ⎞⎛ ⎞ ⎛ ⎞= + = × ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 (61) 
 ( ) 2 22 5 2 1 0.0826 0.05722.71 10 3.42 102 2 2End Caps m mI kg kg m− −
⎛ ⎞⎛ ⎞ ⎛ ⎞= × + = × ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 (62) 
 ( ) 2 2 4 2  1 0.0826 0.07310.147 2.24 102 2 2End Caps Tabs
m mI kg kg m−
⎛ ⎞⎛ ⎞ ⎛ ⎞= + = × ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 (63) 
 3 2   2.04 10Drum shaft pulley End Caps End Caps Tabs TotalI I I I I I kg m
−+ + + + = = × ⋅  (64) 
Since the motor is rated for 1670 revolutions per minute (RPM), the maximum 
rotational kinetic energy, KERotational, possibly created by the motor, is displayed in 
Equation (65). 
 ( ) 23 21 1670 360 2 min2.04 10 31.2 2 min 360 60secRotational rev radsKE kg m Joulesrev π− ⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞= × ⋅ =⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠⎝ ⎠
D
D  
  (65) 
An optimization graph, Figure 20, was developed in MATLAB to illustrate the 
required capacitance for a given energy produced by a given change in voltage.  
Appendix C contains the code used to generate Figure 20.  In this analysis, the worse case 
voltage change was assumed to be 800 volts since the capacitor bank is rated for 800  
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volts DC.  The capacitance of the capacitor bank is 1100 μF, so the maximum energy that 
can be absorbed by the capacitor bank with a 800 Volt DC change was found to be 352 
Joules, as shown in Equation (66). 
 ( ) ( )( )2 261 1 1100 10 800 352 2 2ElectricalE C V F V Joules−= Δ = × =  (66) 
 
 
Figure 20.   Capacitor Bank Capability Optimization Graph 
3. Understanding Software and Hardware Interfaces 
To further understand the modeling concept, the multiple interfaces between 








• Project Navigator 
The hardware includes: 
• Field Programmable Gate Array (FPGA) 
• Semikron Power Inverter Box 
• 220 Volt Three Phase (3Φ) 60 Hz AC Power Supply 
• 4 pole, 0.25 Hp, 3Φ, 60 Hz Squirrel Cage Induction Motor 
• Angular Position Encoder 
• Desktop Computer Terminal 
A block diagram, Figure 20, was created to illustrate the interface boundaries used 
in the experiment.  This diagram also provides the flow of information between the 
interfaces.  A generalized description of each interface’s purpose within this thesis is 
provided below. 
Desktop Computer Terminal 
• Provides graphical user interface with computer software 
• Provides visual display of status of software code development, 
data collection, data manipulation 
MATLAB 
• Provides environment for Simulink software 
• Contains initial condition code for Simulink models  
• Enables the End User to manipulate data collected by Chipscope 




• Provides an environment for model creation of any system that can 
be represented mathematically 
• Enables the End User to modify models for thesis experiment 
• Provides simulation environment to test model components for 
functionality and correctness prior to model implementation 
• Contains Xilinx model building blocks including Xilinx System 
Generator 
• Uses Xilinx System Generator to convert models into computer 
language code 
Xilinx 
• Provides environment for Chipscope and Project Navigator 
software 
• Provides Simulink with capability to convert models into computer 
language code 
Project Navigator 
• Converts computer language code to binary code 
Chipscope 
• Uploads binary code from Xilinx Project Navigator to the FPGA 
• Enables End User to control experiment through a graphical user 
interface with a Motor On/Off command and a Collect Data/Stop 
Motor Sequence command 
• Enables End User to export data collected from each experiment 
trial to a file format in which MATLAB can read 
Field Programmable Gate Array (FPGA) 
• Controls Power Inverter voltage output to motor 
• Relays data collected from the Angular Position Encoder and A/D 
Inverter to Chipscope 
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Analog to Digital (A/D) Converter 
• Converts analog signal to a digital signal from power inverter to 
motor and from motor to power inverter 
0.25 Hp Three-Phase (3Φ) 60 Hz Squirrel Cage Induction Motor 
• Provide medium for regenerative braking experiment 
Angular Position Encoder 
• Sends real time encoded angular position of motor to FPGA for 
processing 
220 Volt 3Φ 60 Hz AC Power Supply 
• Provides electrical power to power inverter 
Semikron Power Inverter Box 










Figure 21.   Software/Hardware Interface Flow Chart 
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III. REGENERATIVE BRAKING MODELING 
A. MODEL SETUP 
The model setup for the purpose of this thesis consisted of modifying a Simulink 
model in [11].  This was to allow for the modeling and demonstrating of regenerative 
braking using a squirrel cage induction motor through V by f control.  Figure 22 is the 
circuit diagram for the experiment.  The circuit diagram was modified from [11].   
 
Figure 22.   Experiment Circuit Diagram [After 11] 
The measurements for vab and vcb were taken from points between the power 
inverter and the motor as shown in Figure 22.  The capacitor bank voltage was measured 
directly from the power inverter.  The angular velocity of the rotor was measured using 
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the encoder that was coupled to the rotor.  The encoder measured angular position.  The 
transformation from an angular position to an angular velocity is described in [12]. 
Figure 23 is the original model for the laboratory experiment in [11], and the 
model for this thesis experiment is shown in Figure 24.  The modifications to the original 
model include: 
• Removal of the Data Rate Block 
• Replacing the open/closed input of the Speed Control block with 
an on/off input 
• Replacing the omega_rotor_e input of the Speed Control block 
with an enable_ramp input 
• Adding a Q output for the Speed Control block 
• Changing the Phase_B output title to Trigger Data Collection of 
the Chipscope Interface block 
• Adding a Delay Trigger block with a Trigger Motor Stop 
Countdown input and a Initiate Motor Stop output 
• Removal of the rotor_vs_commanded speed block 
• Adding an A to D voltage and an A to D current block 
• Adding a Power Computer block 
• Adding an AND gate 
• Changing Encoder output from omega_rotor_e to wr 
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Figure 24.   Modified Control Model for Regenerative Braking Experiment [After 11] 
 
 45
The Data Rate Control block was removed because the A to D voltage block 
contains a data rate function that is synonymous to the Data Rate Control block’s 
function.  The purpose of the data rate was to establish the length of time of each sample 
taken in Chipscope.  Time for model simulation in Simulink is measured in steps.  While 
configuring the parameters for a model in Simulink, there was an option for length of 
time for each step.  For the purpose of this thesis experiment each step equaled 40 
nanoseconds. 
The sample times varied for each experiment trial due to the data sampling 
limitations within Chipscope’s programming.  The Chipscope program used in this 
experiment sampled exactly 8191 data points during any given trial.  The sample rate in 
Chipscope is dependent on the data rate established in the Simulink model prior to VHDL 
code generation.  To ensure the collection of data during an entire event trial, the data rate 
had to be established to fit the event into Chipscope’s 8191 sample window. 
The speed control block had been modified by adding a SR-Flip Flop and a motor 
stopping rate control feature called the motor “ramp”.  The purpose of the SR-Flip Flop is 
to prevent the motor from restarting the motor stop sequence without End User input.  
Table 1 contains the truth table of an SR-Flip Flop.  The Q signal output of the speed 
control box only goes “set”, a binary value of one, if the operator selects the On/Off 
Button in Chipscope’s GUI to a value one as shown in Figure 25.  When the On/Off 
Button is selected “On,” the AND Gate will become a binary one value from a zero 
value, and the motor will begin to run at the commanded speed. 
Table 1.    SR-Flip Flop Truth Table 
S R Q Q' 
0 1 0 1 
1 0 1 0 
0 0 1 0 
1 1 Not Defined 
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Figure 25.   Chipscope GUI Display for Motor Run Configuration [From Chipscope 
Pro Analyzer, 2010] 
The ramp’s function was to provide a means to command the motor to stop.  The 
motor was first started at a commanded speed set for 120π radians per second, which is 
approximately 377 radians per second and remained at this speed until the enable_ramp 
signal received a binary one value.  At that time the counter was enabled, and it began to 
count up to 378 in steps predetermined in the block parameters, until the rationale of the 
initial frequency minus the counter value is less than zero.  Once the rationale became 
less than zero, the counter was then disabled.  At the same time Q was reset to a binary 
value of zero, returning the AND gate to a binary value zero, causing the motor power 








B. TESTING SR-FLIP FLOP OF MODEL 
To ensure the SR-Flip Flop functionality was correct, the model in Figure 27 was 
created in Simulink to simulate the stopping of the motor, resetting of the experiment, 
and then reinitiating the stopping of the motor.  The complete sequences of events are 
described in the model figure.  The waveform outputs for the model are in Figure 28.  
This figure provides a timeline for the events as they occurred in the simulation. 
The Delay Trigger block was necessary to provide enough time to collect data 
during the steady state speed of the motor prior to the motor being commanded to 
commence decelerating.  Once the motor reached steady state speed, the End User then 
selected the “Trigger_stop_motor” button in the Chipscope GUI, as shown in Figure 29, 
to initiate the motor stop sequence.  Once this occurred, multiple events took place.  
Referring back to Figure 24, the output of the Trigger_stop_motor was an input for both 
the Delay Trigger block and the Data Conversion block.  A signal was sent back to 
Chipscope to initiate the data sampling, and at the same time the motor stop countdown 
began as described in the following paragraph. 
When the binary value one was received by the Delay Trigger block, the counter 
was enabled and it began to count up in steps predetermined in the block parameters.  
Once the rationale of the constant 5x108 minus the counter value was less than zero, then 
the counter was disabled and a binary one value was sent to the speed control block. 
When the speed control block received a binary one signal, the deceleration of the motor 











Figure 28.   SR-Flip Flop Wave Output of Test Model 
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Figure 29.   Chipscope GUI Display for Motor Stop Configuration [From Chipscope 
Pro Analyzer, 2010] 
 
 
Figure 30.   Stop Motor Delay Test Model  
C. TESTING THE DELAY TRIGGER MODEL COMPONENT 
To ensure the Delay Trigger functioned correctly, the model in Figure 31 was 
created to simulate the initiation of stopping the motor and resetting of the experiment.  
The complete sequences of events are described in the model figure.  The waveform 
outputs for the model are in Figure 32.  This figure provides a timeline for the events as 
they occurred in the simulation. 
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Figure 31.   Trigger Delay Test Model 
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Figure 32.   Trigger Delay Test Model Wave Output Analysis 
The above tasks were necessary to gain an understanding of the software and 
hardware used to model and demonstrate regenerative braking of a squirrel cage 
induction motor using V by f control.  Chapter IV will analyze the data collected from the 
experiments of this thesis. 
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In this chapter, the data collected from each experiment was analyzed.  The 
MATLAB code used to generate Figures 33 through 59 is contained in Appendix D.  
There are six varieties of analysis performed.  The first analysis was an observation of 
three graphs that captured the actual rotor velocity compared to the commanded velocity, 
the behavior of power as measured between the power inverter and the motor, and the 
change in voltage across the capacitor bank during the events of each experiment.  
Another analysis compared two experiments with one another to further understand the 
effects of varying the deceleration rates on regenerative braking.  The comparisons 
consist of experiments with double and half deceleration times of each other.  The third 
analysis compared the commanded angular velocity with actual angular velocity by 
graphing the difference between the two angular velocities.  A fourth analysis looks at the 
behavior of current during the experiments.  The fifth analysis observes the I2R losses 
and power generated, while the last analysis discusses energy allocation and 
conservation. 
Each experiment was conducted under similar conditions.  The motor did not 
have a load attached during the experiments and it was spinning at a steady state speed 
prior to initiation of the experiment.  The voltage across the capacitor bank of the power 
inverter was measured while the motor was running using a voltmeter to ensure 180 volts 
DC existed across the capacitors prior to the experiment.  Once this condition was met, 
the experiment was initiated using the toggle button “Trigger Data Collection Button” in 
Chipscope.  After each experiment a filter, created in Simulink, was used to filter the 
noise in the channels of the analog to digital inverters to produce more legible graphs.  
The filter designs for each experiment are contained in Appendix E.  The “noise in 
commanded speed is not real.  It is an artifact of Chipscope.”  Professor Julian, in [19], 
stated that he had “…extracted internal FPGA signals through Chipscope and a USB 
interface at the same time and found that the noise in the Chipscope signals was not really 
present on the FPGA signals” [19]. 
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There were eight independent experimental trials, each with different deceleration 
times.  These deceleration times varied from 0.495 seconds to 63.418 seconds, each 
doubling in time.  Due to Chipscope’s data collection limitation, the sample rate had to be 
adjusted to fit each experiment’s events into the 8191 sample points available.  Table 2 
provides parameters for each experiment conducted.  The length of time per step for all 
trials was 40 nanoseconds. 
Referring back to Figure 22, this figure illustrates the model layout for the thesis 
experiment.  The power supply provided electrical power input to the power inverter.  
The FPGA was programmed to control the power inverter output to the motor to control 
the motor’s speed using SVM, which is described in [12].  Due to the limited number of 
input channels into Chipscope, multiple runs of each experiment had to be performed to 
collect all the data necessary for the analyses within this thesis.   




















1 4096 0.495 760.9 600 0.098 1.342 
2 8192 0.991 380.5 3200 1.049 2.684 
3 16384 1.982 190.2 1600 1.049 5.368 
4 16384 3.964 95.1 1600 1.049 5.368 
5 32768 7.927 47.6 800 1.049 10.736 
6 65536 15.854 23.8 400 1.049 21.472 
7 131072 31.709 11.9 200 1.049 42.944 
8 262144 63.418 5.9 100 1.049 85.889 
A. COMMANDED AND ACTUAL ANGULAR VELOCITIES, POWER, AND 
CHANGE IN VOLTAGE ANALYSIS 
Figures 33 through 40 contain the graphs produced from the data collected from 
the experiments.  Referring to the Angular Velocity Graphs of the figures, the rate of 
deceleration of the rotor followed very closely to the commanded rate of deceleration.  
Experiments 1 through 4 displayed a mismatch in commanded and actual rotor speeds 
during the deceleration where the rotor speed was higher than the commanded speed.  In 
Experiment 5, Figure 37, the power became less negative 3 seconds after initiation and 
then became more negative at 4.5 seconds.  This coincides with the speeds for both actual 
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rotor and commanded speeds becoming more equal around 3 seconds and less equal 
around 4.5 seconds.  This confirms when slip is less, the power induced in an induction 
generator is less.  Therefore, when the magnetic field angular velocity is equal to the 
rotor angular velocity, no power is induced or consumed.  This would explain the initial 
steady state condition prior to decelerating where rotor speed was slightly less than 
commanded speed.  This was expected due to the no load slip characteristics of the 
induction motor, but once the deceleration command initiated, the rotor speed over shot 
commanded speed as in Experiments 1 through 4, and then followed command 
deceleration rate very closely.  The delay in the rotor response was due to the angular 
momentum of the rotor at the time of the initial deceleration command. 
Power started at or less than zero Watts for each experiment.  Since power was 
near zero Watts due to the no load condition previously mentioned, the filters used to 
help reduce the noise levels in the collected data caused the initial data to become 
negative.  At the time deceleration commenced, the power became more negative until 
the power supply was removed at the time commanded angular velocity was zero.  In this 
region regeneration occurred and power was being sent back to the power inverter where 
the energy was routed to the capacitor bank.  This is evident because the change in 
voltage peaked positive at the same time as power.  At the time where commanded 
angular velocity was zero, power should also be zero, but due to filtering of the power 
signal there was a response time delay before power reached zero. 
The reason the actual angular velocity, in Experiments 1 through 3, never reached 
zero radians per second was because the deceleration rate was too fast for the rotor’s 
angular momentum.  The power supply to the motor was controlled by the commanded 
angular velocity input to the power inverter.  As the commanded angular velocity reached 
zero radians per second, which had been predicted in the SR-Flip Flop tests in Chapter III 
of this thesis, power supply to the motor was removed.  Even though the motor came to a 
complete stop for all experiments conducted, the explanation for the non-zero angular 
velocity for the rotor is that the sample rate in Chipscope was too fast.  This sample rate 
shortened the sample window such that the rotor was still rotating when the last sample  
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was taken.  This would explain the exponential decay of actual angular velocity after 
commanded angular velocity reached zero.  At that time, the angular momentum of the 
rotor prevented the rotor from stopping instantaneously. 
During the events for all the experiments, the change in voltage at the end of the 
experiments was always at a greater value than originally started.  The ending value of 
the voltage across the capacitor bank is related to the energy from the regenerative 
braking.  There are many dynamic considerations that were not taken into account in this 
thesis.  One dynamic situation might include the bleed resistor attached across the 
capacitor bank to allow the capacitors to discharge when the power inverter is disabled.  
This feature could have depleted some of the energy while the capacitor banks were 
being charged.  The bleed resistor is most likely a safety feature installed on the power 
inverter to prevent accidental discharge, which could result in an injury to a person or 
damage to equipment.  
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Figure 34.   Experiment 2 Results 
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Figure 37.   Experiment 5 Results 
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Figure 38.   Experiment 6 Results 
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Figure 39.   Experiment 7 Results 
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Figure 40.   Experiment 8 Results 
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B. EXPERIMENT COMPARISON ANALYSIS 
Figures 41 through 47 contain the comparison graphs of two experiments that are 
either half or double the deceleration rate of each other.  Generally, the Angular 
Velocities Graphs of the Figures displayed the rate of deceleration of the rotor followed 
closely to the commanded rate of deceleration as discussed in the previous section.  The 
differences in actual rotor velocity and commanded angular velocity generally go from a 
negative slip value to a positive slip with decreasing deceleration rates. 
The power plots for all of the experiments were similar to one another.  The peak 
negative value for power became more positive as deceleration rate decreased where the 
largest value was approximately negative thirty Watts for Experiment 1.  In the plots for 
Experiments 2 through 8, power approached negative fifteen Watts.  All power plots for 
each experiment show evidence of regenerative braking occurring for all deceleration 
rates. 
In Experiments 1 through 7, there was a voltage peak across the capacitor bank of 
the power inverter in descending values as deceleration rates decreased.  In Experiment 8, 
the voltage across the capacitor bank dropped until the braking event was over.  This was 
caused by the power consumed due to the power electronics of the inverter being greater 




Figure 41.   Experiments 1 and 2 Comparison 
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Figure 42.   Experiments 2 and 3 Comparison 
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Figure 44.   Experiments 4 and 5 Comparison 
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Figure 45.   Experiments 5 and 6 Comparison 
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Figure 47.   Experiments 7 and 8 Comparison 
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C. ANGULAR VELOCITY DIFFERENCE ANALYSIS 
Figures 48 through 55 contain the Angular Velocity Difference plots which 
existed between commanded and actual angular velocities of the experiments.  A positive 
angular velocity difference depicts when the commanded velocity is greater than the 
actual rotor velocity.  The opposite holds true for a negative velocity difference.  
Generally, these plots go from more negative angular velocity difference to more positive 
angular velocity difference as the deceleration rates decrease.  The angular velocity 
differences approached a value of six radians per second as deceleration rates decreased. 
The power plots for all of the experiments are roughly the same with the respect 
to power following the angular velocity difference plots.  The power was at maximum 
negative value when the angular velocity difference was held constant at the minimum 
value for the longest length of time.  This was where most of the energy was recovered in 
the experiments.  At the end of each event for all the experiments the differences in 
angular velocity became more positive than the minimum value.  At this point in time 
power seemed to be at maximum negative value.    
In all of the experiments, the voltage across the capacitors was at maximum value 
at the point in time when the angular velocity difference became a constant minimum 




Figure 48.   Experiment 1 Velocity Difference Analysis 
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Figure 49.   Experiment 2 Velocity Difference Analysis 
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Figure 50.   Experiment 3 Velocity Difference Analysis 
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Figure 51.    Experiment 4 Velocity Difference Analysis 
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Figure 52.   Experiment 5 Velocity Difference Analysis 
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Figure 53.   Experiment 6 Velocity Difference Analysis 
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Figure 55.   Experiment 8 Velocity Difference Analysis 
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D. PHASE A CURRENT BEHAVIOR ANALYSIS 
In this analysis, Phase A, current behavior, was observed to draw conclusions of 
the dynamics that occurred during the regeneration events of Experiments 1 and 2.  To 
capture the current data a separate trial had to be performed for each deceleration rate, 
since the number of A/D converter channels required were less than the A/D converter 
channels available.  The Regenerative Power displays in these figures were all converted 
to positive values to allow for a better comparison between the I2R losses and the power 
generated. 
From Figures 56 through 57, it was apparent that the magnitude of the current 
increased as soon as the motor braking event was initiated.  The frequency of the current 
signal decreased as the rotor velocity decreased.  The current also went to zero as soon as 
commanded velocity went to zero.  The power was more affected by the slower rotor 
velocities and was related to the increased magnitude of current.  This was expected as 
demonstrated earlier in the power calculation methods.  Current is proportionally related 
to power.  Both the I2R loss and power recovered plots are very similar, but there was 
less I2R losses in the first half of the braking event.  The power generation occurred more 
in the first half of the braking event.  In Experiment 3, there is a dip in the power 
generation plot halfway through the braking event.  This happened due to the minor 
oscillation of the rotor’s deceleration rate at that time.   
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Figure 56.   Experiment 1 Current Behavior Analysis 
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Figure 57.   Experiment 2 Current Behavior Analysis 
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E. ENERGY ANALYSIS 
In this analysis, the energy induced and lost during each experiment will be 
compared to the theoretical value calculated earlier in this thesis.  This section only 
analyzed the data produced during the deceleration of the motor for each experiment.  
The pre-deceleration and post deceleration data was omitted to allow for energy 
summations.  The Simulink model used to integrate power for both experiments is 
contained in Appendix F. 
The internal resistance of the motor was measured to be 12 ohms.  The current 
flowing through this resistance accounts for the heat energy dissipated, and is known as 
I2R losses.  Figures 58 and 59 are the resultant energy levels per unit time for both I2R 
energy lost and energy recovered.  Table 3 contains the results for each experiment.  The 
rate of energy lost due to the motor’s internal resistance was relatively the same rate as 
the energy recovered for Experiments 1 and 2.  The total energy of the two experiments 
did not equate to the final values measured from the experiments.  Both experiments have 
relatively the same percent error.  Both experiments still had energy stored in the rotor’s 
moment.  There are other energy sinks that were not accounted for since they were not 
measured.  One energy sink might be magnetic leakage as this term is part of the 
equations that describe the induction motor, as discussed in the theory section of this 
thesis.  Another reason for the total energy difference could be due to calibration errors 
within the equipment used to take measurements during the experiments. 
 
Table 3.   Energy Analysis 
Energy (Joules) Experiment # 
Lost Recovered In Rotor Total Theoretical Difference 
% Error
1 8.7 10.6 7.5 26.8 31.2 4.4 14.0 
2 11.8 14.3 1.5 27.6 31.2 3.6 11.6 
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Figure 58.   Experiment 1 Energy Analysis 
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Figure 59.   Experiment 2 Energy Analysis 
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V. CONCLUSION AND FUTURE RESEARCH 
RECOMMENDATIONS 
A. CONCLUSION 
This thesis explored ideas in which the USN can benefit from energy recovery 
systems that implements regenerative braking technologies.  It also provided a historical 
background and motivation for the development of regenerative braking.  This was to 
provide the reader knowledgeable insight of a hundred year old technology that is now a 
reality in our daily activities.  The theory of symmetrical, asynchronous induction motors 
was presented to provide a mathematical background for modeling regenerative braking.  
Also, within this thesis, the experiment’s preparation and model setup was covered.  
From the results, regenerative braking had occurred and was demonstrated through the 
analysis of the plots produced from the waveforms of various parameters monitored 
during the experiment.  Energy conservation was also presented to further elaborate the 
evidence of the energy produced through regenerative braking. 
B. FUTURE RESEARCH RECOMMENDATIONS 
The data gathered during the experiments show that many opportunities exist to 
fully understand and improve on regenerative technology.  The plots displayed noise 
interference, which made analysis of the data difficult.  An opportunity exists where 
research in locating and eliminating the noise from the motor to the computer terminal 
would greatly benefit future research experiments.  Research may be conducted in 
controlling the waveform of power as the motor brakes to maximize power output of the 
regeneration.  Also, minimizing the power lost due to internal resistances can benefit 
future research.  There are potentially many opportunities to understand the dynamics 
that occur within the power inverter, which controls motor speed during regeneration.  
Voltage plots in Experiments 1 through 3 displayed spikes that seemed symmetrical on 
either side of the maximum value in the graphs.  A thesis topic could be performed to 
understand the causes of these spikes and to understand how the spikes affect 
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regeneration operations.  Research could be performed to understand the minimum 
deceleration rate to achieve regeneration, or research could explore the simulation of the 
experiments performed in this thesis to predict the waveforms created, and to compare 
the results. 
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APPENDIX A: SIMULINK MODELS AND MATLAB CODE USED 
TO GENERATE FIGURES 3 THROUGH 12 
SimuLink Model to generate waveform output 
 
 94
MATLAB code to generate Figures 3 through 11 
































































MATLAB Code to generate Figure 12 












xlabel({'Angular Position \omega x time = \theta 
(radians)';'X(0.001)(2\pi)'}); 
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APPENDIX C:  MATLAB CODE TO GENERATE CAPACITANCE 
OPTIMIZATION PLOT 
%Capacitance Optimization Plot 
  
cap = 0:1e-6:1100e-6;  %Capacitance required for a given energy 
volt=0:1:800;          %Change in Voltage 
x=cap;                           
y=volt;                     
  
[X,Y]=meshgrid(x,y); 





title('Capacitor Bank Capability'); 
xlabel('Capacitance (\muF)'); 
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APPENDIX D:  MATLAB CODE TO GENERATE FIGURES 33 
THROUGH 60 
% Different Experimental Event Times 
  
% Experiment 1 2^12*40e-9*8191 =  1.34 sec 
% Experiment 2 2^13*40e-9*8191 =  2.68 sec 
% Experiment 3 2^14*40e-9*8191 =  5.37 sec 
% Experiment 4 2^14*40e-9*8191 =  5.37 sec 
% Experiment 5 2^15*40e-9*8191 = 10.74 sec 
% Experiment 6 2^16*40e-9*8191 = 21.47 sec 
% Experiment 7 2^17*40e-9*8191 = 42.94 sec 
% Experiment 8 2^18*40e-9*8191 = 85.89 sec 
  
% Different Deceleration Rates 
  
% Experiment 1 2^-15 =  0.50 sec 
% Experiment 2 2^-16 =  0.99 sec 
% Experiment 3 2^-17 =  1.98 sec 
% Experiment 4 2^-18 =  3.96 sec 
% Experiment 5 2^-19 =  7.93 sec 
% Experiment 6 2^-20 = 15.81 sec 
% Experiment 7 2^-21 = 31.71 sec 
% Experiment 8 2^-22 = 63.25 sec 
  
% Trigger_Motor_Stop Delay Time 
  
% Experiment 1 2^12*40e-9*100 =  0.02 sec 
% Experiment 2 2^13*40e-9*100 =  0.03 sec 
% Experiment 3 2^14*40e-9*100 =  0.07 sec 
% Experiment 4 2^14*40e-9*100 =  0.07 sec 
% Experiment 5 2^15*40e-9*100 =  0.13 sec 
% Experiment 6 2^16*40e-9*100 =  0.26 sec 
% Experiment 7 2^17*40e-9*100 =  0.52 sec 
% Experiment 8 2^18*40e-9*100 =  1.04 sec 
  
fignum=0; 
figsize=[0 0 600 1200]; 
figsize1=[0 0 600 1200]; 
  





title ('Angular Velocity (\omega) (0.50 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 






axis([0 1.4 -35 5]); 
grid on; 
subplot(3,1,3), plot(time15,cap15); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 










title ('Angular Velocity (\omega) (0.99 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 





axis([0 3 -20 5]); 
grid on; 
subplot(3,1,3), plot(time16,cap16); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 










title ('Angular Velocity (\omega) (1.98 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 





axis([0 4 -20 5]); 
grid on; 
subplot(3,1,3), plot(time17,cap17); 














title ('Angular Velocity (\omega) (3.96 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 





axis([0 6 -20 5]); 
grid on; 
subplot(3,1,3), plot(time18,cap18); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 










title ('Angular Velocity (\omega) (7.93 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 





axis([0 11 -20 5]); 
grid on; 
subplot(3,1,3), plot(time19,cap19); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 



















axis([0 22 -20 5]); 
grid on; 
subplot(3,1,3), plot(time20,cap20); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 










title ('Angular Velocity (\omega)  (31.71 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 





axis([0 45 -20 10]); 
grid on; 
subplot(3,1,3), plot(time21,cap21); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 











title ('Angular Velocity (\omega) (63.25 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 





axis([0 90 -20 10]); 
grid on; 
subplot(3,1,3), plot(time22,cap22); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 













title ('Angular Velocity (\omega) Comparison'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r 0.5 sec','\omega_C_o_m_m_a_n_d_e_d 0.5 
sec','\omega_R_o_t_o_r 0.99 sec','\omega_C_o_m_m_a_n_d_e_d 0.99 sec'); 
axis([0 3 -5 380]); 
grid on; 
subplot(3,1,2), plot(time15,power15,time16,power16); 
title ('Power Comparison'); 
ylabel('Watts'); 
legend('0.50 sec','0.99 sec'); 
axis([0 3 -35 10]); 
grid on; 
subplot(3,1,3), plot(time15,cap15,time16,cap16); 
title ('Voltage Across Capacitors Comparison'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
legend('0.50 sec','0.99 sec'); 












title ('Angular Velocity (\omega) Comparison'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r 0.99 sec','\omega_C_o_m_m_a_n_d_e_d 0.99 
sec','\omega_R_o_t_o_r 1.98 sec','\omega_C_o_m_m_a_n_d_e_d 1.98 sec'); 
axis([0 6 -5 380]); 
grid on; 
subplot(3,1,2), plot(time16,power16,time17,power17); 
title ('Power Comparison'); 
ylabel('Watts'); 
axis([0 6 -20 10]); 
legend('0.99 sec','1.98 sec'); 
grid on; 
subplot(3,1,3), plot(time16,cap16,time17,cap17); 
title ('Voltage Across Capacitors Comparison'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
legend('0.99 sec','1.98 sec'); 











title ('Angular Velocity (\omega) Comparison'); 
ylabel('\omega (Rad/Sec)'); 
axis([0 6 -5 380]); 
legend('\omega_R_o_t_o_r 1.98 sec','\omega_C_o_m_m_a_n_d_e_d 1.98 
sec','\omega_R_o_t_o_r 3.96 sec','\omega_C_o_m_m_a_n_d_e_d 3.96 sec'); 
grid on; 
subplot(3,1,2), plot(time17,power17,time18,power18); 
title ('Power Comparison'); 
ylabel('Watts'); 
axis([0 6 -20 10]); 
legend('1.98 sec','3.96 sec'); 
grid on; 
subplot(3,1,3), plot(time17,cap17,time18,cap18); 
title ('Voltage Across Capacitors Comparison'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
axis([0 6 160 200]); 












title ('Angular Velocity (\omega) Comparison'); 
ylabel('\omega (Rad/Sec)'); 
axis([0 11 -5 380]); 
grid on; 
legend('\omega_R_o_t_o_r 3.96 sec','\omega_C_o_m_m_a_n_d_e_d 3.96 
sec','\omega_R_o_t_o_r 7.93 sec','\omega_C_o_m_m_a_n_d_e_d 7.93 sec'); 
subplot(3,1,2), plot(time18,power18,time19,power19); 
title ('Power Comparison'); 
ylabel('Watts'); 
axis([0 11 -20 5]); 
legend('3.96 sec','7.93 sec'); 
grid on; 
subplot(3,1,3), plot(time18,cap18,time19,cap19); 
title ('Voltage Across Capacitors Comparison'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
axis([0 11 165 185]); 











title ('Angular Velocity (\omega) Comparison'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r 7.93 sec','\omega_C_o_m_m_a_n_d_e_d 7.93 
sec','\omega_R_o_t_o_r 15.81 sec','\omega_C_o_m_m_a_n_d_e_d 15.81 
sec'); 
axis([0 22 -5 380]); 
grid on; 
subplot(3,1,2), plot(time19,power19,time20,power20); 
title ('Power Comparison'); 
ylabel('Watts'); 
legend('7.93 sec','15.81 sec'); 
axis([0 22 -20 5]); 
grid on; 
subplot(3,1,3), plot(time19,cap19,time20,cap20); 
title ('Voltage Across Capacitors Comparison'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
legend('7.93 sec','15.81 sec'); 












title ('Angular Velocity (\omega)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r 15.81 sec','\omega_C_o_m_m_a_n_d_e_d 15.81 
sec','\omega_R_o_t_o_r 31.71 sec','\omega_C_o_m_m_a_n_d_e_d 31.71 
sec'); 
axis([0 45 -5 380]); 
grid on; 
subplot(3,1,2), plot(time20,power20,time21,power21); 
title ('Power Comparison'); 
ylabel('Watts'); 
legend('15.81 sec','31.71 sec'); 
axis([0 45 -20 5]); 
grid on; 
subplot(3,1,3), plot(time20,cap20,time21,cap21); 
title ('Voltage Across Capacitors Comparison'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
legend('15.81 sec','31.71 sec'); 











title ('Angular Velocity (\omega)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r 31.71 sec','\omega_C_o_m_m_a_n_d_e_d 31.71 
sec','\omega_R_o_t_o_r 63.25 sec','\omega_C_o_m_m_a_n_d_e_d 63.25 
sec'); 





legend('31.71 sec','63.25 sec'); 
axis([0 90 -20 5]); 
grid on; 
subplot(3,1,3), plot(time21,cap21,time22,cap22); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
legend('31.71 sec','63.25 sec'); 
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title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 1.4 -32 1]); 
grid on; 
subplot(3,1,3), plot(time15,cap15); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 











title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 3 -20 1]); 
grid on; 
subplot(3,1,3), plot(time16,cap16); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 












title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 6 -20 5]); 
grid on; 
subplot(3,1,3), plot(time17,cap17); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 











title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 6 -20 5]); 
grid on; 
subplot(3,1,3), plot(time18,cap18); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 












title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 11 -20 20]); 
grid on; 
subplot(3,1,3), plot(time19,cap19); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 











title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 22 -20 5]); 
grid on; 
subplot(3,1,3), plot(time20,cap20); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 











title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 






axis([0 44 -25 2]); 
grid on; 
subplot(3,1,3), plot(time21,cap21); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 











title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 90 -20 10]); 
grid on; 
subplot(3,1,3), plot(time22,cap22); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 












title ('Angular Velocity (\omega)'); 
ylabel('\omega (Rad/Sec)'); 









title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
axis([0 1.4 160 227]); 
grid on; 
subplot(4,1,4), plot(time15,icurrent15); 
title ('Phase A Current'); 
ylabel('Amps'); 
xlabel('Time (Seconds)'); 










title ('Angular Velocity (\omega)'); 
ylabel('\omega (Rad/Sec)'); 





axis([0 3 -20 1]); 
grid on; 
subplot(4,1,3), plot(time16,cap16); 
title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
axis([0 3 160 226]); 
grid on; 
subplot(4,1,4), plot(time16,icurrent16); 
title ('Phase A Current'); 
ylabel('Amps'); 
xlabel('Time (Seconds)'); 










title ('Angular Velocity (\omega)'); 
ylabel('\omega (Rad/Sec)'); 









title ('Voltage Across Capacitors'); 
ylabel('Volts'); 
xlabel('Time (Seconds)'); 
axis([0 4 160 200]); 
grid on; 
subplot(4,1,4), plot(time17,icurrent17); 
title ('Phase A Current'); 
ylabel('Amps'); 
xlabel('Time (Seconds)'); 











% Total Power Calculation = I^R + Regenerative Power 
  
% Ramp CMD starts to zero at  616  goes to zero at 3623  Delay = 
0.10092544 
































% ke15volt=.5*1100e-6*(225.38^2-180^2) %Ramp CMD goes to zero at 3624 













title ('Angular Velocity (\omega) (0.50 Second Ramp Time)'); 
ylabel('\omega (Rad/Sec)'); 
legend('\omega_R_o_t_o_r','\omega_C_o_m_m_a_n_d_e_d'); 




title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 
axis([0 1.4 -100 20]); 
grid on; 
subplot(5,1,3), plot(time15,icurrent15); 




axis([0 1.4 -2.5 2.5]); 
subplot(5,1,4), plot(time15,irenergy15); 
title ('I^2R Power Loss'); 
ylabel('Watts'); 
axis([0 1.4 0 30]); 
grid on; 
subplot(5,1,5), plot(time15,-power15); 
title ('Regenerative Power'); 
ylabel('Watts'); 


















title ('Angular Velocity Difference (\omega)'); 
ylabel('\omega (Rad/Sec)'); 
axis([0 3 -50 20]); 
grid on; 
subplot(5,1,3), plot(time16,icurrent16); 





title ('I^2R Power Losse'); 
ylabel('Watts'); 
axis([0 3 0 22]); 
grid on; 
subplot(5,1,5), plot(time16,-power16); 
title ('Regenerative Power'); 
ylabel('Watts'); 




































axis([0 0.5 0 380]); 
subplot(3,1,2), plot(time15d,justenergyir15); 
title ('I^2R Energy Lost'); 
ylabel('Joules'); 
axis([0 0.5 0 10]); 
grid on; 
subplot(3,1,3), plot(epwr15time,epwr15); 
title ('Energy Regenerated'); 
ylabel('Joules'); 















axis([0 1 0 380]); 
subplot(3,1,2), plot(time16d,justenergyir16-3.1802); 
title ('I^2R Energy Lost'); 
ylabel('Joules'); 
axis([0 1 0 15.5]); 
grid on; 
subplot(3,1,3), plot(epwr16time,epwr16); 
title ('Energy Regenerated'); 
ylabel('Joules'); 
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APPENDIX E:  FILTER DESIGNS 













Experiment 4 Filter Design 
 
Experiment 5 SimuLink Filter Design 
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Experiment 6 SimuLink Filter Design 
 
Experiment 7 SimuLink Filter Design 
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APPENDIX F:  POWER INTEGRATOR TO CALCULATE ENERGY 
Experiments 1 and 2 Regenerative Energy Integrator 
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